Masses of the ground, orbitally and radially excited states of quark-antiquark mesons composed from the light (u, d, s) quarks are calculated within the framework of the relativistic quark model based on the quasipotential approach. The relativistic treatment of the light quark dynamics results in mass spectra which agree well with available experimental data for the masses of the most well-established states. The Regge trajectories for angular and radial excitations are constructed, and their linearity, parallelism and equidistance are verified. The assignment of experimentally observed light mesons to particular Regge trajectories is based on their masses and quantum numbers.
I. INTRODUCTION
Last years an extensive analysis of the data on highly excited light non-strange meson states up to a mass of 2400 MeV collected by the Crystal Barrel experiment at LEAR (CERN) has been published [1, 2] . The classification of these new data requires a better theoretical understanding of light meson mass spectra. The aim of this paper is to apply the relativistic quark model which proved to be successful in studying various properties of heavy hadrons to the calculation of the masses of the radially and orbitally excited light meson states. All main assumptions and fixed values of model parameters are preserved in the present investigation. Light quarks are treated fully relativistically without the v/c expansion. Various non-strange and strange meson states with masses up to 2500 MeV are considered. This is especially important, since light exotic states (such as tetraquarks, glueballs, hybrids) predicted by quantum chromodynamics (QCD) are expected to have masses in this range [3, 4, 5, 6] . The experimental data show that a large degeneracy emerges in the spectra of the orbitally and radially excited resonances. It is argued [7] that the states of the same spin with different isospins and opposite parities are approximately degenerate in the interval 1700-2400 MeV. An intensive debate is going on now in the literature whether the chiral symmetry is restored for highly excited states (see e.g. [7, 8] and references therein). Various phenomenological and theoretical arguments, such as quasiclassical considerations, AdS/QCD etc. are used.
A vast literature on the light meson spectroscopy is available. Different attempts to study light mesons on the basis of the relativized quark model [9] , the Dyson-Schwinger and Bethe-Salpeter equations [10, 11, 12] , the Tamm-Dancoff method [13] , chiral quark models with spontaneous symmetry breaking like the Nambu-Jona-Lasinio model [14] , finite-energy sum rules in QCD [15] , lattice QCD [16] , AdS/QCD models [17, 18] , etc. were undertaken. Therefore we mostly refer to the recent reviews where the references to earlier review and original papers can be found.
In Refs. [19, 20] we studied the masses of ground and radially excited states of light mesons on the basis of the three-dimensional relativistic wave equation with the QCDmotivated potential. In this analysis we took into account the highly relativistic dynamics of light quarks and carried out all calculations without either the v/c or 1/m q expansions. We also used the expression for the QCD coupling constant α s which exhibits freezing at small values of the momentum transfer. Good overall agreement of the obtained predictions and experimental data was found. The consistent relativistic treatment of the light quark dynamics resulted in a nonlinear dependence of the bound state equation on the meson mass which allowed to get the correct values of the pion and kaon masses in the model with the explicitly broken chiral symmetry. The obtained wave functions of the pion and kaon were successfully applied for the relativistic calculation of their decay constants and electromagnetic form factors [20] . Recently, in the framework of the same approach we calculated masses of the ground-state light tetraquarks using the diquark-antidiquark picture [21] . It was found that scalar mesons with masses below 1 GeV agree well with the lighttetraquark interpretation. Indeed, it explains naturally the peculiar inverted pattern of the mass ordering of the lightest scalar flavour SU(3) nonet. Here we investigate the Regge trajectories both in (M 2 ,J) and (M 2 , n r ) planes (M is the mass, J is the spin and n r is the radial quantum number of the meson state), check their linearity and equidistance which follow from experimental data [22] . The assignment of experimentally observed mesons to particular Regge trajectories is proposed.
The paper is organized as follows. In Section II we describe the relativistic quark model, giving its main assumptions and parameters which were fixed in previous considerations. The relativistic quasipotential of the light quark-antiquark interaction in the meson is constructed in Sec III. The procedure which makes this potential local and avoids the arising fictitious singularities is described in detail. In Sec. IV the obtained results for the masses of orbital and radial excitations of light mesons are presented and compared with available experimental data. Finally, the Regge trajectories are constructed. Their linearity, parallelism and equidistance is verified, and the slopes of different trajectories are compared. Section V contains our conclusions.
II. RELATIVISTIC QUARK MODEL
In the relativistic quark model based on the quasipotential approach a meson is described by the wave function of the bound quark-antiquark state, which satisfies the quasipotential equation of the Schrödinger type [23] 
Here M = E 1 + E 2 is the meson mass, m 1,2 are the quark masses, and p is their relative momentum. In the center-of-mass system the relative momentum squared on mass shell reads
The kernel V (p, q; M) in Eq. (1) is the quasipotential operator of the quark-antiquark interaction. It is constructed with the help of the off-mass-shell scattering amplitude, projected onto the positive energy states. Constructing the quasipotential of the quark-antiquark interaction, we have assumed that the effective interaction is the sum of the usual one-gluon exchange term with the mixture of long-range vector and scalar linear confining potentials, where the vector confining potential contains the Pauli interaction. The quasipotential is then defined by 
and k = p − q; γ µ and u(p) are the Dirac matrices and spinors
with ǫ(p) = √ p 2 + m 2 . The effective long-range vector vertex is given by
where κ is the Pauli interaction constant characterizing the anomalous chromomagnetic moment of quarks. Vector and scalar confining potentials in the nonrelativistic limit reduce to
reproducing
where ε is the mixing coefficient. All the model parameters have the same values as in our previous papers [23, 24] . The light constituent quark masses m u = m d = 0.33 GeV, m s = 0.5 GeV and the parameters of the linear potential A = 0.18 GeV 2 and B = −0.3 GeV have the usual values of quark models. The value of the mixing coefficient of vector and scalar confining potentials ε = −1 has been determined from the consideration of charmonium radiative decays [23] . Finally, the universal Pauli interaction constant κ = −1 has been fixed from the analysis of the fine splitting of heavy quarkonia 3 P J -states [23] . In this case, the long-range chromomagnetic interaction of quarks, which is proportional to (1 + κ), vanishes in accordance with the flux-tube model.
III. QUASIPOTENTIAL OF THE LIGHT QUARK-ANTIQUARK INTERACTION
The quasipotential (5) can be used for arbitrary quark masses. The substitution of the Dirac spinors (7) into (5) results in an extremely nonlocal potential in the configuration space. Clearly, it is very hard to deal with such potentials without any additional transformations. In order to simplify the relativisticpotential, we make the following replacement in the Dirac spinors:
(see the discussion of this point in [19, 24] ). This substitution makes the Fourier transformation of the potential (5) (11) preserving the symmetry under the (1 ↔ 2) exchange. It is necessary to point out that such substitutions lead to the quark-antiquark potential which commutes with operators of the total angular momentum and the orbital angular momentum. Therefore J and L are good quantum numbers, as in the nonrelativistic approach. However the nonlinear dependence of the interaction potential on the meson mass effectively takes into account the relativistic character of the light quark interaction. Note that the global features of highly excited light mesons can be well understood in terms of the relativistic relations involving J as well as nonrelativistic relations involving L [17, 25] .
The substitution (11) works well for the confining part of the potential. However, it leads to fictitious singularities 1/r 3 and δ 3 (r) at the origin arising from the one-gluon exchange part (∆V Coul (r)), which is absent in the initial potential. Note that these singularities are not important if they are treated perturbatively. Since we are not using the expansion in v/c and are solving the quasipotential equation with the complete relativistic potential, an additional analysis is required. Such singular contributions emerge, e.g., from the following terms
if we simply replace ǫ 1,2 → E 1,2 . However, the Fourier transforms of expressions (12) are less singular at r → 0. To avoid such fictitious singularities we note that if the binding effects are taken into account, it is necessary to replace ǫ 1,2 → E 1,2 − η 1,2 V , where V is the quark interaction potential and η 1,2 = m 2,1 /(m 1 + m 2 ). At small distances r → 0, the Coulomb singularity in V dominates and gives the correct asymptotic behaviour. Therefore, we replace ǫ 1,2 → E 1,2 − η 1,2 V Coul in the Fourier transforms of terms (12) (cf. [26] ). We used a similar regularization of singularities in the analysis of heavy-light meson spectra [24] . Finally, we ignore the annihilation terms in the quark potential since they contribute only in the isoscalar channels and are suppressed in the ss vector channel. The resultingpotential then reads
where the spin-independent potential has the form
Coul (r)
and the spin-dependent potential is given by
with
Here
where the background mass is M B = 2.24 √ A = 0.95 GeV [27] , and Λ = 413 MeV was fixed from fitting the ρ mass. 1 We put the number of flavours n f = 2 for π, ρ, K, K * and n f = 3 for φ. As a result we obtain α s (µ 
IV. RESULTS AND DISCUSSION
The calculated masses of light unflavoured and strange mesons are given in Tables I and II. They are confronted with available experimental data from PDG Particle Listings including data from the "Further States" Section [29] . We find good agreement of our predictions with data. Most of the well-established state masses are reproduced in our model.
We do not consider the mixing of states in the isoscalar sector. Therefore the predictions in Table I are given for the pureand ss states. Such mixing is mostly important in the pseudoscalar sector. We follow the η − η ′ mixing scheme proposed in Ref. [30] and take the phenomenological values of the mixing angle φ = 38
• and the decay constant ratio y ≡ f q /f s = 0. [29] . The experiment shows that the vector and excited isoscalar light mesons are almost ideally mixed and therefore can be roughly considered as pureand ss states. Indeed we find reasonable agreement of our prediction with experiment in the isoscalar sector. The strange meson states (L L ) with J = L, given in Table II , are the mixtures of spin-triplet ( 3 L L ) and spin-singlet ( 1 L L ) states:
where ϕ is a mixing angle. Such mixing occurs due to the nondiagonal spin-orbit and tensor terms in Eq. (15) . 
states which is in good agreement with the experimental data [29] .
The scalar sector presents a special interest due to its complexity and the abundance of experimentally observed light states. We see from Table I that the masses of the lightestscalar mesons have values about 1200 MeV. This confirms the conclusion of our recent consideration [21] that light scalar mesons, f 0 (600) (σ), K * 0 (800) (κ), f 0 (980) and a 0 (980), with masses below 1 GeV should be described as light tetraquarks consisting from scalar diquark and antidiquark. Moreover the predicted masses of the scalar tetraquarks composed from axial-vector diquark and antidiquark [21] have masses in the same range as the lowestscalar mesons. Therefore mixing between these states can occur, e.g. due to the instantoninduced mixing terms [31, 32] . The obtained results for the masses indicate that a 0 (1450) should be predominantly a tetraquark state which predicted [21] mass 1480 MeV is within experimental error bars M a 0 (1450) = 1474 ± 19 MeV. The exotic scalar state X(1420) from the "Further States" Section could be its isotensor partner. On the other hand sq(1 3 P 0 ) 
interpretation is favored for K * 0 (1430) (see Table II ). This picture naturally explains the experimentally observed proximity of masses of the unflavoured a 0 (1450) and f 0 (1500) with the strange K * 0 (1430). Therefore one could expect an additional isovector predominantlystate a 0 with the mass about 1200 MeV, though it was not observed in several experiments.
It was noted long ago that the light meson Regge trajectories are almost linear in (J, M 2 ) and (n r , M 2 ) planes. a) The (J, M 2 ) Regge trajectory:
b) The (n r , M 2 ) Regge trajectory:
where α, β are the slopes and α 0 , β 0 are intercepts. The relations (24) and (25) arise in most models of quark confinement, but with different values of the slopes. For example, the QCD string with two light quarks at the ends gives the slopes [33] : where σ is the string tension which is equal to the slope of the linear confining potential A in Eq. (10).
On the other hand, the quasiclassical picture for a light meson, described by the massless Salpeter equation with a linear confining potential:
gives for the Regge slopes [34] 
implying that
In Figs Tables III and IV . We see that the calculated light meson masses fit nicely to the linear trajectories in both planes. These trajectories are almost parallel and equidistant.
It is important to note that the quality of fitting the π meson Regge trajectories both in (J, M 2 ) and (n r , M 2 ) planes is significantly improved if the ground state π is excluded from the fit (the χ 2 is reduced by more than an order of magnitude and becomes compatible with It can be seen in Figs. 1 and 3 that ρ(1700) and a 0 (1450) do not lie on the corresponding Regge trajectories. This further confirms our previous conclusion that a 0 (1450) should be predominantly a tetraquark state and suggests the possible exotic nature of ρ(1700).
From the comparison of the slopes in Tables III, IV weisovector and ss mesons. Such ratio is lower than predictions of the QCD string model (26) and massless Salpeter equation (29) . The mean value of the slope β ∼ 0.85 GeV −2 for isovector mesons is about two times larger than the result of the above mentioned models β = 1/(4πA) ≈ 0.44 GeV −2 , for A = 0.18 GeV 2 used in our approach. The assignment of the experimentally observed states to the corresponding Regge trajectories in our model based on their masses and J P C values (see Figs. 1-12 ) is slightly different from the previous phenomenological analysis [22, 25] based on the equal values for the slopes α and β. However the number of states, for which such correspondence is found, is approximately the same. Future experimental data will shed further light on this issue.
V. CONCLUSIONS
The mass spectra of light quark-antiquark mesons were calculated in the framework of the QCD-motivated relativistic quark model. All considerations were carried out without application of the unjustified nonrelativistic v/c expansion. Such approach leads to the nonlocal quasipotential of the relativistic quark-antiquark interaction. To make it local, the substitution (11) was used. As a result the relativistic local quasipotential was obtained which depends on the mass of the meson in a complicated nonlinear way. Such dependence allowed us to get masses of the π and K mesons in agreement with experimental data in the considered model, where the chiral symmetry is explicitly broken by the constituent quark masses. It was found that the lightest scalar (1 3 P 0 ) states have masses above 1 GeV. This confirms our previous conclusion [21] that f 0 (600) (σ), K * 0 (800) (κ), f 0 (980) and a 0 (980) could be the diquark-antidiquark tetraquark states. It was found that the calculated masses of light mesons reproduce the linear Regge trajectories both in the (J, M 2 ) and (n r , M 2 ) planes. Their slopes and intercepts were determined. The slope of the orbital excitations α was found to be in average 1.3 times larger than the slope of the trajectories of radial excitations β. This value of the ratio α/β is smaller than the predictions based on the spinless Salpeter equation (27) and the QCD string model. The obtained slope β for the isovector light mesons is almost two times higher than the value predicted by the above models. Possible experimental candidates for the states populating the Regge trajectories are identified in Figs. 1-12 . Predictions for the masses of the missing states are presented in Tables I,II . It is clearly seen that the chiral symmetry is not restored for highly excited states in our model. This should be expected since the Lorentz-scalar part of the confining potential explicitly breaks the chiral symmetry. Our results in some cases differ from the previous phenomenological prescriptions [22, 25] . Future experimental data can help in discriminating between the theoretical predictions. The (n r , M 2 ) Regge trajectories for spin-triplet isovector mesons a 1 , a 2 ( 3 P 2 ), a 2 ( 3 F 2 ), a 3 and a 4 ( 3 F 4 ) (from bottom to top). Notations are the same as in Fig. 1 .
